Abstract Chronic kidney disease is a common disease with increasing prevalence in the western population. One common reason for chronic kidney failure is diabetic nephropathy. Diabetic nephropathy and hyperglycemia are characteristics of the mouse inbred strain KK/HlJ, which is predominantly used as a model for metabolic syndrome due to its inherited glucose intolerance and insulin resistance. We used KK/HlJ, an albuminuria-sensitive strain, and C57BL/6J, an albuminuria-resistant strain, to perform a quantitative trait locus (QTL) cross to identify the genetic basis for chronic kidney failure. Albumin-creatinine ratio (ACR) was measured in 130 F2 male offspring. One significant QTL was identified on chromosome (Chr) X and four suggestive QTL were found on Chrs 6, 7, 12, and 13. Narrowing of the QTL region was focused on the X-linked QTL and performed by incorporating genotype and expression analyses for genes located in the region. From the 485 genes identified in the X-linked QTL region, a few candidate genes were identified using a combination of bioinformatic evidence based on genomic comparison of the parental strains and known function in urine homeostasis. Finally, this study demonstrates the significance of the X chromosome in the genetic determination of albuminuria.
Introduction
Chronic kidney disease, a common disease with increasing prevalence in the western population (Zhang and Rothenbacher 2008) , is caused by environmental (i.e., diet) and genetic risk factors (Iyengar et al. 2007 ). Understanding the genetic basis of chronic kidney disease will ultimately help to identify novel treatment targets and preventative strategies through personalized medicine. Human studies are difficult due to their length and costs. However, mouse models of human diseases are commonly used to investigate the genetic basis of complex traits due to their short life span, high reproductive rate, easy-tocontrol environment, and the availability of large-scale genomic and gene expression databases for many inbred and wild-derived strains (DiPetrillo et al. 2005; Peters et al. 2007; Shockley et al. 2009 ). In addition, complex trait quantitative trait loci (QTL) are often concordant between humans and mice and, therefore, mouse genetics can help to accelerate the identification of genes underlying human diseases Tsaih et al. 2010; Wang and Paigen 2005) .
Elevated albumin-to-creatinine ratio (ACR), a condition also called albuminuria, is a phenotypic marker of chronic kidney disease in both humans and mice (Grindle et al. 2006; Iyengar et al. 2007 ). Albuminuria varies widely among mouse inbred strains (Tsaih et al. 2010) . While most strains have low ACR, a few strains (e.g., A/J, KK/ HlJ (KK) and PWD/PhJ) show consistently elevated ACR. Such phenotypic variations can be investigated in QTL studies to identify genomic regions that modulate the disease trait. Indeed, previous QTL studies have successfully identified genomic regions influencing ACR using albuminuria-susceptible and resistant strains, including 129S1/ SvImJ, 129S6, A/J, C57BL/6J (B6), DBA/2J, FGS/Kist, MRL/MpJ, NZM/Aeg2410, NZW/LacJ, and SM/J (Doorenbos et al. 2008; Hageman et al. 2011; Kato et al. 2008; Kim et al. 2005; Morel et al. 1994; Salzler et al. 2007; Sheehan et al. 2007; Tsaih et al. 2010) . However, to our knowledge, there is no report on a QTL study using the highly susceptible strain KK.
KK substrains are predominantly used for investigating the metabolic syndrome due to the inherited glucose intolerance and insulin resistance resulting in hyperglycemia (Herberg and Coleman 1977) . In KK mice, hyperglycemia is often accompanied by a strong tendency to develop type 2 diabetes (T2D) (Ikeda 1994) and diabetic nephropathy (characterized by increased kidney weight, albuminuria, and proteinuria) (Qi et al. 2005; Reddi et al. 1990) . A detailed histopathological investigation of aged KK mice showed that the most common aberrations in the kidneys were membraneous glomerulonephritis and chronic interstitial nephritis (John P. Sundberg (JPS), personal communications). KK mice are also susceptible to aging-related vascular mineralization in heart and kidney, which may contribute to the strain's ''pre-sensitized'' state to develop albuminuria in response to chronic hyperglycemia (Leiter 2009 ). Although the phenotypic observations of elevated ACR and histopathological kidney aberrations have long been recognized for KK, their genetic bases have yet to be investigated.
The aim of this study was to investigate the underlying genetics that determine albuminuria in KK mice. An F2 intercross between KK and B6-an albuminuria-resistant mouse strain-was generated and the offspring population was investigated for QTL that determined elevated ACR. A statistically significant X-linked QTL with molecular evidence for several candidate genes for albuminuria was identified based on QTL analysis, bioinformatics, and gene expression analyses.
Materials and methods

Mice
KK/HlJ (KK) and C57BL/6J (B6) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). KK females were mated to B6 males to produce F1 mice ([KK 9 B6]F1), which were then intercrossed by sisterbrother matings to produce 309 F2 mice ([(KK 9 B6) 9 (KK 9 B6)]F2). Reciprocal F1 mice were generated by crossing B6 females with KK males ([B6 9 KK]F1) to identify non-Mendelian type of inheritance. Differences between F1 and reciprocal F1 mice indicate that the trait is partially inherited through genes that are imprinted or that are located on the sex chromosomes or mitochondrial DNA. Only male offspring were used in the present study due to the low or undetectable ACR in female mice (n = 130). At 10 days of age, tail tissue was collected for subsequent genotyping analysis and at 21 days of age mice were weaned. Mice were raised and maintained on a 6 % fatcontaining chow diet (LabDiet Ò 5K52, PMI Nutritional International, Bentwood, MO) and had ad libitum access to acidified water (pH 2.8-3.2). All mice were kept under a controlled climate (i.e., room temperature and 12:12 h light-dark cycle). Regular monitoring for viruses, bacteria, parasites, and microsporidium showed that the colonies were free of infestation by any known mouse pathogen (http://jaxmice.jax.org/html/health/quality_control.shtml# Animalhealth). All protocols were reviewed and approved by The Jackson Laboratory Institutional Animal Care and Use Committee.
ACR measurements
At 8 weeks of age, urine was collected in the parental strains, F1, and F2 mice over a 3-day period. Albumin and creatinine levels were measured on a Beckman Synchron CX5 chemistry analyzer (GMI, Inc., Ramsey, MN) and individual albumin-creatinine ratios (ACRs) were calculated. Albumin concentrations were adjusted by linear regression to a standard curve generated with standard mouse albumin (Grindle et al. 2006) . ACR allows the measurement of kidney efficiency as a quantitative trait without the trait being affected by the concentration of the urine. This quantitative trait has been validated in multiple studies (Doorenbos et al. 2008; Grindle et al. 2006; Hageman et al. 2011) .
Genotyping DNA was extracted from tail tissues using a phenolchloroform-based method. DNA samples were sent to the Partners Genotyping Facility (Massachusetts General Hospital, Boston, MA) for genotyping using the Illumina platform, and 385 unique polymorphic markers were analyzed.
Liver collection
At 8 weeks of age, 3 male KK and 3 male B6 mice were housed individually for 3 consecutive days prior to the tissue collection. On the third day, mice were fasted for 4 h prior to killing. Mice were perfused with 60 mL phosphor-buffered saline via the right ventricle of the heart. The large lobe of the liver was collected and preserved in RNAlater (Ambion, Applied Biosystems, Foster City, CA) overnight and stored at -80°C prior to the gene expression analyses. Because we also examined lipid level with this cross, liver was collected. Liver was used as a surrogate for kidney tissue gene expression in this study.
QTL analysis
QTL analysis was performed using R/qtl (v1.09-43) (www. rqtl.org) (Broman et al. 2003 ) using the EM algorithm. Because ACR was not normally distributed, QTL analysis was performed on log10(ACR ? 1) transformed values as described previously (Hageman et al. 2011 ) and using ACR as a binary trait (ACR = 0 or ACR [0). QTL 9 QTL interaction was investigated using the scantwo function within R/qtl. Pairwise scans were performed using 2 cM spacing. If the interactive LOD score between two QTL was above 4, both QTL were recognized as interactive as suggested by Broman and Sen (2009) . Significant (P \ 0.05) and suggestive (P \ 0.63) thresholds were based on 1,000 permutations for the autosomes and 16,404 permutations for the X chromosome (Broman et al. 2006 ). All single QTL and interactive QTL were added in a multi regression model and the proportion of variance explained by the QTL was determined. X chromosome QTL cannot be added to the regression model at this time as the corrections for chromosome number and dosage compensation have not been implemented in the function within R/qtl.
Microarray expression analysis
Microrarray experiments were performed using liver RNA from KK and B6 male mice (n = 3 per strain). Array hybridization was performed by Gene Expression Services at The Jackson Laboratory. RNA was hybridized to the Mouse Gene 1.0 ST microarray (1M) (Affymetrix, Santa Clara, CA). Average signal intensities for each probe set within arrays were calculated by the RMA function provided within the affy package from Bioconductor for R using a custom Entrez Gene file (Dai et al. 2005) . The RMA method incorporates convolution background correction, quantile normalization, and summarization based on a multi-array model fit robustly using the median polish algorithm, and calculates intensities in a base 2 logarithm scale. Pairwise comparisons were used to statistically resolve gene expression differences between KK and B6 mice using the R/maanova analysis package (Wu et al. 2003) . Specifically, differentially expressed genes were detected using Fs, a modified F statistic incorporating shrinkage estimates of variance components from within the R/maanova package (Cui et al. 2005; Wu et al. 2003) .
Statistical significance levels of the pairwise comparisons were calculated by permutation analysis (1,000 permutations) and adjusted for multiple testing using the false discovery rate (FDR), Q value method (Storey 2002) . Differentially expressed genes are declared at an FDR Q value threshold of 0.05. All microarray data have been deposited in the gene expression omnibus (GEO accession number: GSE37429). Pathway analysis was performed using ingenuity pathway analysis (IPA).
Bioinformatics approach
First, the high density single nucleotide polymorphism (SNP) panel at the Mouse Phenome Database (MPD; http://phenome.jax.org) was searched for non-synonymous coding polymorphisms segregating between KK and B6. The functionality of the non-synonymous SNP was estimated using the SIFT algorithm provided by the Craig J. Venter Institute (Ng and Henikoff 2001) . Second, microarrays were analyzed to identify differentially expressed genes between the parental strains. Finally, the Genomic Institute of the Novartis Foundation (GNF) BioGPS website was searched for genes highly expressed in kidneys compared to other tissues. A gene was considered highly expressed in kidney if its expression was greater than twice the median calculated over the 75 tissues available on the BioGPS website (http://biogps.org).
Statistical analysis
All statistical analyses were performed using R (http:// www.r-project.org/).
Results
ACR in parental strains, F1, reciprocal F1, and F2 male mice
At 8 weeks of age, ACR was detectable in only one out of eight (12.5 %) parental B6 males, while ACR was detectable in all parental KK males. This observation confirms the susceptibility of KK males to develop albuminuria as opposed to B6 males. ACR was observed in both F1 (KK 9 B6) and reciprocal F1 (B6 9 KK) males and in about half of the F2 male population (54.6 %) ( Table 1) .
ACR QTL analysis
The results of the QTL analyses are shown in Fig. 1 and Table 2 . We identified 1 significant QTL on chromosome (Chr) X at 27.5 cM, and 4 suggestive QTL on Chr 6 at 23.7 cM, Chr 7 at 79.2 cM, Chr 12 at 20.7 cM, and Chr 13 at 16.9 cM (Fig. 1) . Due to the shape of the LOD curve on Chr 13, we suspected the presence of two QTL, but they were not statistically distinguishable. On Chr 6, homozygous B6 (i.e., BB) and KK (i.e., KK) mice had higher ACR compared to heterozygous mice (i.e., BK; Fig. 2 ). On Chr 7, homozygous B6 mice had higher ACR compared to heterozygous and homozygous KK mice and showed an additive mode of inheritance. On Chrs 12 and 13, homozygous KK mice had higher ACR compared to heterozygous and homozygous B6 mice in a recessive and additive manner, respectively (Fig. 2) . Finally, on Chr X, B6 mice carried the high ACR allele and KK mice carried the low ACR allele (Fig. 2) . The scantwo function of R/qtl was performed and we identified a QTL interaction between Chr 6@23.7 cM and Chr 8@27.4 cM. The Chr 8 locus by itself does not exert an effect strong enough to be identified by a single QTL scan but the QTL is significant with regard to an epistatic effect with Chr 6: homozygous KK mice had higher ACR compared to homozygous B6 mice if they were also heterozygous at the Chr 6 QTL ( Supplementary  Fig. 1 ). To validate the log-transformed phenotype, QTL analysis was also performed using ACR as a dichotomized trait (ACR = 0 or ACR [0), which confirmed the QTL on Chrs 6, 13, and X ( Supplementary Fig. 2 ). Regression analysis was applied and each QTL explained between 7.7 and 24.7 % of the ACR variation (Table 3 ).
X-linked QTL: narrowing of the QTL interval and candidate gene identification The X-linked QTL was the only significant QTL identified in this cross. The QTL extended from 20.5 to 89 Mb N number of mice, ACR albumin-creatinine ratio Chr Chromosome, CI confidence interval, rec recessive, dom dominant, ns non-significant, na not available a 95 % CI: Genome-wide significance levels were determined by permuting the observed data 1,000 times. CI was calculated with the Bayesian method b Interactive QTL with the Chr 6 QTL (million base pairs) and contained 458 genes. To identify candidate genes within the region, a variety of bioinformatics tools were applied and integrated, including a search for non-synonymous coding region polymorphisms with functional evidence, gene expression differences, and tissue expression. The corroboration of multiple evidential factors increases the confidence regarding the functionality of a particular gene in regulating ACR.
Genes with non-synonymous coding polymorphisms
To identify non-synonymous coding region polymorphisms segregating between KK and B6, the high density SNP database available on the MPD was searched. Eighteen non-synonymous coding polymorphisms were located in 14 genes (Table 4) . According to SIFT, two of these polymorphisms are likely to change the function of their gene products: M22L in Gm6880 and Q454R in 4930595M18Rik
Differential gene expression between KK and B6
Microarray analysis was performed in liver tissue to search for differentially expressed genes between 8-week-old KK and B6 males. In the region of interest on the X chromosome, 30 differentially expressed genes were identified (P \ 0.05) ( Table 4) , 6 of which were significant at the genome-wide level (Q \ 0.05): Rhox4g (reproductive homeobox 4G), Gpc4 (glypican 4), Mospd1 (motile sperm domain containing 1), BC023829, Idh3g (isocitrate dehydrogenase 3 (NAD?), gamma), and Pls3 (plastin 3, T-isoform).
Differential gene expression across multiple tissues
Our experimental design limited microarray analyses to liver tissue only. Because genes that may affect ACR are more likely to be highly expressed in kidneys, GNF's BioGPS website, which contains genome-wide expression levels of over 75 tissues in mice, was examined for genes with high expression patterns in kidneys. A gene was considered highly expressed if its expression was twice the median of the expression among all tissues (Burgess-Herbert et al. 2008). We identified 31 genes highly expressed in kidney tissue (Supplementary Table 1 ). Eight of those were also differentially expressed between KK and B6, two of them at the genome-wide level: Gpc4 (-1.24 fold change KK vs. B6, P = 0.004, Q = 0.048) and Idh3g (-1.18 fold change KK vs. B6, P = 0.002, Q = 0.036). In addition, Avpr2, arginine vasopressin receptor 2, was highly expressed in kidney and also differentially expressed between KK and B6 (?1.17 fold change KK vs. B6, P = 0.032, Q [ 0.05). Chr7@79.2cM
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Chromosome 13 Chromosome X Fig. 2 Chromosome scans and allele effect plots for main effect QTL. The chromosome-specific scan of each main effect QTL is depicted followed by the effect plot at the peak location. The thresholds for significant and suggestive QTL are represented by the dashed and dotted lines, respectively, as described in Fig. 1 . In the allele effect plots, KK indicates mice homozygous for the KK allele, BK indicates mice heterozygous with both a KK and B6 allele, and BB indicates mice homozygous for the B6 allele. ACR is depicted as the mean of log10(ACR ? 1) ± SE per genotype at each locus Chr6@23.7 cM 9 Chr8@27.6 cM 4 15.7 7.1 3.5 9 10 -5 a P \ 0.05 was used as a threshold for the QTL inclusion in the model. Each P value is estimated taking one QTL at a time 
Pathway analysis
We used ingenuity pathway analysis (IPA) to identify genes involved in kidney function at the genome-wide level. A total of 1,182 genes were differentially expressed at the genome-wide level, 1,112 genes were recognized by IPA, and we identified 47 genes related to nephrotoxicity (Table 5) . We surveyed interactions (in vitro and in vivo) between these 47 genes and all candidate genes located within the X-linked QTL. We identified 14 genes showing a relationship with a gene located within the X-linked QTL. Among them, four genes belong to the list of candidate genes for which we identified bioinformatic evidence: Cul4b and Irak1 with differential expression between B6 and KK, and Fln1 and Xpnpep with a nonsynonymous polymorphism segregating between B6 and KK (Table 4) .
Discussion
This study indicates that genomic regions on Chrs 6, 7, 12, 13, and X are linked to phenotypic variations in ACR among male progeny of the intercross between mouse strains KK and B6. ACR is an important indicator for chronic kidney disease and has been investigated in multiple genetic QTL crosses in the mouse (Doorenbos et al. 2008; Hageman et al. 2011; Kato et al. 2008; Kim et al. 2005; Morel et al. 1994; Salzler et al. 2007; Sheehan et al. 2007; Tsaih et al. 2010 ). However, none of the QTL identified here has been reported previously. This identification of exclusively novel QTL regions was most likely due to the use of the albuminuria-susceptible, phenotypically unique inbred strain KK. For example, histopathological investigation of KK mice found that this strain commonly develops lesions in the kidneys such as membranous glomerulonephritis and chronic interstitial nephritis (personal communications, JPS). In addition, KK is most commonly used as a model for T2D due to its intrinsic hyperglycemia (Leiter 2009; Tsaih et al. 2010) , which eventually can lead to kidney failure. Finally, mineralization of the kidney tissue and kidney-associated blood vessels has been reported (Leiter 2009 ). Altogether, these kidney aberrations render KK mice especially susceptible to decreased functional capacity with the likely result of elevated ACR levels. Therefore, these outstanding phenotypic characteristics of KK compared to other previously investigated strains in ACR QTL studies may explain the lack of overlap between QTL regions. Due to the lack of common QTL regions between our current and other genetic studies on ACR in mice, it is difficult to narrow the large-sized QTL regions to single genes or genetic variations. A previous study in rats identified a QTL on the X chromosome for ACR, but the Mb Million base pairs, ns not significant, na not available a The high density SNP database on MPD was used to identify non-synonymous coding polymorphisms segregating between KK and B6. Bold indicates that the amino acid change is damaging as detected by SIFT b Gene expression differences between KK and B6 were identified in liver tissue and are depicted with fold change, P value, and Q value. A P and Q = 0.05 were used as the threshold for significance c Genes highly expressed in kidney were identified by searching the GNF database. A gene was considered highly expressed in kidney if the expression of the gene was twice as high as the median value calculated across 75 tissues (2X), but genes for which the expression reached the median are also reported (1X). Genes for which the expression was lower than the median among 75 tissues are considered not expressed (ne) orthologous confidence interval does not overlap with the X-linked QTL presented here (Schulz et al. 2003) . Nevertheless, integration of bioinformatics tools can help to accelerate QTL narrowing and gene identification (Peters et al. 2007 ). Here, the QTL on the X chromosome was narrowed from 458 potential genes to 4 likely candidate genes using a combination of bioinformatic tools. The candidate genes were identified based on the presence of non-synonymous coding region polymorphisms, gene expression differences between the parental strains, and high expression levels in kidneys compared to other tissues. Other molecular mechanisms, such as microRNA regulation and imprinting events, could also have explained the QTL. We could not explore these possibilities, however, due to the lack of both knowledge and high throughput databases, which is a limitation of our approach. Among those candidate genes, Gpc4-a heparan sulfate proteoglycan-was identified. The gene product of Gpc4 is present on the cell surface where it interacts with Col18a1. Interestingly, mutations in Col18a1 have been found in patients with Knobloch Syndrome, some of which develop kidney defects (Williams et al. 2008 ). Other likely candidate genes include Avpr2, which is involved in urine homeostasis, as well as four genes that likely interact with functionally relevant genes differentially expressed within the genome. KK mice are used as a model of metabolic disease (Qi et al. 2005; Reddi et al. 1990 ) and mutations in Avpr2 in human populations lead to X-linked nephrogenic diabetes insipidus (Birnbaumer 2000) . Future investigations should be directed toward the dissection of the potential functionality of those genes for ACR variability.
Finally, this study highlights the importance of analyzing X-linked associations between phenotype and genotype. As reported in the MPD and apparent in our investigations, ACR is changed predominantly in male mice. Potentially, this evidence of X-linked variations may be an important factor. In the past, linkage analysis often omitted reporting the results on the X chromosome either due to a lack of genotyping of X-linked markers, a lack of accurate statistical methods to handle dosage compensation, or a lack of confidence that genes located on the X chromosome are involved in complex traits. For instance, in human studies, very few genome-wide association studies for complex traits reported results for the X chromosome. Formerly, when markers were genotyped individually, the X chromosome was often not prioritized in QTL crosses because most QTL were found on autosomes. More recent genotyping platforms and arrays now include markers for the X chromosome, and our study shows the importance of analyzing the X chromosome in relation to complex traits such as ACR.
In summary, we identified novel genomic loci for kidney disease susceptibility in mice. Among them, we identified a novel and strong X-linked QTL for ACR. Further in vivo investigation will yield insight into the confirmation of this X-linked QTL and its potential role in sexual dimorphism of kidney disease in mice and humans.
